Most of the dioxygen on earth is generated by the oxidation of water by photosystem II (PS II) using light from the sun. This lightdriven, four-photon reaction is catalyzed by the Mn 4 CaO 5 cluster located at the lumenal side of PS II. Various X-ray studies have been carried out at cryogenic temperatures to understand the intermediate steps involved in the water oxidation mechanism. However, the necessity for collecting data at room temperature, especially for studying the transient steps during the O-O bond formation, requires the development of new methodologies. In this paper we report room temperature X-ray diffraction data of PS II microcrystals obtained using ultrashort (<50 fs) 9 keV X-ray pulses from a hard X-ray free electron laser, namely the Linac Coherent Light Source. The results presented here demonstrate that the "probe before destroy" approach using an X-ray free electron laser works even for the highly-sensitive Mn 4 CaO 5 cluster in PS II at room temperature. We show that these data are comparable to those obtained in synchrotron radiation studies as seen by the similarities in the overall structure of the helices, the protein subunits and the location of the various cofactors. This work is, therefore, an important step toward future studies for resolving the structure of the Mn 4 CaO 5 cluster without any damage at room temperature, and of the reaction intermediates of PS II during O-O bond formation.
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manganese | oxygen-evolving complex P hotosystem II (PS II) is the only known biological system that has the unique capability of utilizing visible light for the oxidation of water into molecular oxygen (reaction 1) (1-4).
PS II is a large protein complex embedded in the thylakoid membranes of cyanobacteria, algae, and plants (5) . It is composed of at least 20 protein subunits and about 100 cofactor molecules, including the antenna and reaction center chlorophylls (Chl), pheophytins, cytochromes, carotenoids, quinones, lipids, and the Mn 4 CaO 5 cluster. Light absorption and excitation of the P 680 reaction center of PS II leads to charge separation across the thylakoid membrane, resulting in the formation of the positively charged Chl-based radical cation P 680 •þ and the negatively charged quinone radical anion Q B
•− . P 680 •þ oxidizes the Mn 4 CaO 5 cluster of the oxygen-evolving complex (OEC) via a tyrosine residue, Y Z . The Mn 4 CaO 5 cluster is thus driven successively through a five-step catalytic cycle (with the intermediate S i states, i ¼ 0 to 4), coupling the isoenergetic one-electron photochemistry occurring at the PS II reaction center with the four-electron redox chemistry of water at the OEC. Many recent studies have shown that the oxidation or electron transfer processes are tightly coupled to proton-transfer reactions (6, 7) . Although the S 0 through S 3 states are stable over a timescale of seconds, the S 4 state is highly reactive and has not yet been experimentally characterized in a conclusive manner (3, (8) (9) (10) (11) . It is almost generally agreed that O-O bond formation occurs at this S 4 oxidation-state level. It likely consists of a sequence of events that include deprotonation, O-O bond formation, O 2 evolution, rearrangement of the cluster, and substrate water binding (12) (13) (14) (15) . Capturing S 4 state intermediates by following the S 3 → ðS 4 Þ → S 0 transition in a time resolved manner is therefore essential for understanding the water-oxidation mechanism.
Extensive X-ray diffraction (XRD) studies using synchrotron radiation (SR) (16) (17) (18) (19) (20) (21) and various spectroscopic techniques (22) (23) (24) (25) (26) (27) (28) (29) have been used over the last several decades to elucidate the structure and mechanism of the OEC in PS II. Among the various methods, XRD is clearly the technique of choice for obtaining an overall detailed structure of PS II and the Mn 4 CaO 5 cluster. However, a critical problem for the XRD studies has been the inherent radiation sensitivity of the redox-active high-valent Mn 4 CaO 5 site in PS II. X-ray spectroscopy studies have demonstrated that radiation damage to the Mn 4 CaO 5 cluster leads to the reduction of Mn(III) and Mn(IV) present in the intact OEC to Mn(II) at an X-ray dose that is two to three orders of magnitude lower than the dose required to produce an observable decay in diffraction quality of PS II crystals (30, 31) . From these radiation damage studies it is inferred that in all current XRD studies of PS II the Mn 4 CaO 5 cluster is reduced at levels ranging from approximately 80% (for structures reported in refs. [16] [17] [18] [19] [20] To whom correspondence may be addressed. E-mail: ubergmann@slac.stanford.edu or jyano@lbl.gov or vkyachandra@lbl.gov. specific damage occurred despite the fact that all XRD measurements were carried out at 100-150 K. Extended X-ray absorption fine structure measurements show that this radiation damage also increases the Mn-Mn and Mn-ligand distances as compared to the undamaged Mn 4 CaO 5 cluster (30); an indication that not only are the Mn atoms reduced but also that the structure of the cluster is disrupted. It is now generally recognized that for some redox active metallo-proteins it is difficult to obtain intact structures with SR-based XRD even at cryogenic temperatures. It should also be noted that at least for some proteins conformational changes are induced by the cryocooling procedure (32) .
Recently, a new approach to protein crystallography was demonstrated at the Linac Coherent Light Source (LCLS) using ultrashort X-ray pulses of high intensity and crystalline samples in the micrometer size range (0.1-10 μm) (33) (34) (35) (36) (37) (38) (39) (40) . The use of very short (<70 fs) pulses enables collection of diffraction data at room temperature before the onset of radiation damage (39) (40) (41) (42) . This probe before destroy method not only addresses the issue of radiation damage but also opens a way to measure time-resolved XRD at room temperature on enzyme systems. Using a variabledelay trigger, such as photoactivation, or a chemical stimulus, it becomes possible to follow chemical and structural dynamics. This method has recently been applied at the LCLS to probe structural changes upon light excitation in microcrystals of photosystem I (PS I) in complex with its electron acceptor ferredoxin (38) .
We report an XRD study of PS II microcrystals at room temperature using ultrashort 9 keV X-ray pulses from the LCLS. Our results are a necessary initial step toward a high-resolution structure determination of the intact OEC in its various catalytic states, opening the way for capturing light-induced structural dynamics of PS II during water oxidation.
Results and Discussion
Single-Shot X-ray Diffraction from PS II. The X-ray diffraction pattern of PS II isolated from the thermophilic cyanobacterium Thermosynechococcus elongatus, was collected at the Coherent X-ray Imaging (CXI) instrument at the LCLS (43) using the single-shot approach. PS II microcrystals (approximately 10 μm) (Fig. 1A) were injected into the LCLS X-ray beam in a liquid jet based on the electrohydrodynamic spraying of glycerol in vacuum (44) using the cone-jet mode (45) . Several thousand diffraction images were collected at random crystal orientations. A singleshot diffraction pattern from a microcrystal is shown in Fig. 1B . The diffraction pattern exhibits Bragg spots up to 5.4 Å resolution (Fig. 1C) , not limited by the experimental geometry at CXI or the LCLS source. The Bragg spots are remarkably sharp and small, spreading over only a few pixels. This is likely due to the combination of low crystal mosaicity and the use of pixel-array detector technology with an extremely narrow point-spread function (46) . The diffraction intensities varied strongly from shot to shot due to several factors, such as the size of the probed crystal volume, the quality of the microcrystals and orientation, and variations in the intensity of the beam due to the nature of the LCLS X-ray pulses (47) .
The dose limit for the loss of diffraction in cryocooled (100-150 K) protein crystals is commonly considered to be around 2 to 3 × 10 7 Grays (Gy or J·kg −1 ) (the so-called Henderson limit, ref. 48 , or Garman limit, ref. 49) . Conventional crystallography studies using SR on PS II deposited between 1 × 10 6 and 1 × 10 7 Gy, corresponding to about 5-40 absorbed photons/unit cell, with the recent 1.9 Å resolution structure (21) being determined while applying a dose at the lower end of this range. In comparison, at CXI, the flux was between 3 and 5 × 10 11 photons∕shot at 9 keV, and the beam was focused to 1.5 μm (AE30%) full width at half maximum (FWHM) at the interaction region using Kirkpatrick-Baez mirrors (50) . The average dose was 2 × 10 8 Gy, corresponding to about 1,440 absorbed photons/unit cell, which is an order of magnitude higher than the Henderson/ Garman limit (48, 49) and about two orders of magnitude higher than the dose used for the previous SR PS II diffraction experiments. The diffraction measurement at these doses, well above the Henderson/Garman limit and at room temperature, is only possible because the short X-ray pulses (<50 fs) outrun the X-ray induced damage and the Coulomb explosion (42, 51) .
Recently Barty et al. discussed the effect of X-ray pulse length on the measured diffraction intensities using PS I microcrystals at the LCLS and with even higher doses (39) . They observed that although molecular order is lost in the system over the duration of longer pulses (>70 fs), it is still possible to obtain interpretable diffraction data. Their results show that most of the diffraction signal was produced in the earlier part of the pulse, whereas the later disordering only increased the background (39). Lomb et al. (40) also observed decreased intensity of Bragg spots for 
Å wavelength).
It is clear that the radiation damage mechanisms using the short intense pulses at the LCLS are quite different from those encountered in SR studies. In the SR experiments, (i) radiation damage (both global and specific) was dose dependent but rate independent (in the range of seconds to hours), (ii) radiation damage was very dependent on temperature, and (iii) the dose leading to specific radiation damage (e.g., reduction of the redoxactive center, disulfide bond cleavage, decarboxylation, etc.) is about two to three orders of magnitude less than the dose required for global radiation damage (loss of diffraction). In the X-ray free electron laser studies, specific radiation damage and its temperature dependence that arises from radical migration may not be a limiting factor due to the short femtosecond X-ray pulses. This confers advantages for using the LCLS for XRD studies of the Mn 4 CaO 5 cluster in PS II that are hard to match with SR studies.
Electron Density Map of PS II. The electron density maps of PS II were computed with data obtained in approximately 4 h 45 min, equivalent to nearly 2 million shots. All shots were initially screened for diffraction from crystals, yielding 113,632 diffraction patterns (5.7% of all shots) classified as potential hits (with a hit defined as showing 16 or more strong Bragg spots). Out of these, a subset of 7,269 individual diffraction patterns, equivalent to 0.4% of all shots, were successfully indexed and used for the dataset. From this set of indexed images, a dataset with 98% completeness was obtained to a resolution of 6.5 Å (82% completeness in the highest resolution shell) with a mean I∕σðIÞ of 16.9 ( Table 1 ). The unit cell dimensions showed a very narrow distribution with a standard deviation of 2.5% for the a-axis and 1% for the b-and c-axes. They are comparable (within 1-2%) with cryo-SR XRD data at 2.9 Å (20), whereas they differ from the 1.9 Å resolution data (21), which were collected from partially dehydrated crystals exhibiting a contraction along the c-axis by about 20 Å (approximately 7%).
The electron density map of PS II in the dark S 1 state was computed as described in the Materials and Methods section. The map at 6.5 Å resolution (Fig. 2) shows that the structure is isomorphous to that published earlier (20) . A 2mF o -DF c electron density map was calculated and contoured at 1σ (blue mesh; Fig. 2A ). The map clearly shows the presence of 36 trans-membrane helices (TMH) per monomer (shown in yellow in Fig. 2A) , five for each of the two central subunits D1 and D2, interlocked in a handshake-like arrangement, typical for a reaction center complex, as well as the six TMH for each of the two chlorophyllbinding proteins CP43 and CP47, located next to D1 and D2, respectively. In addition, electron density for the TMH of all of the 12 small membrane intrinsic subunits, found previously (19, 20) , is present in the map, although the density for the TMH of the weakly bound subunit PsbY (not present in the 3.5 and 1.9 Å structures, refs. 18 and 21), located next to the heterodimeric membrane intrinsic cyt b-559 is weaker compared to the density for the other TMHs. In addition to the tubular features attributed to TMHs the map shows extensive features at the lumenal side of the complex, attributed to the large lumenal protrusions of D1, D2, CP43, and CP47 as well as the three extrinsic subunits PsbO, PsbU, and PsbV on the lumenal side of the complex. For example, see the β-barrel-like structure of PsbO indicated in Fig. 2A .
A positive peak in the refined omit map (mF o -DF c , 3σ green mesh; Fig. 2B ) is located at the lumenal side of subunit D1 at the position of the Mn 4 CaO 5 cluster [violet (Mn) and orange (Ca) atoms]. These atoms were omitted from the phasing model; thus the observation of this electron density is an experimental indication that the Mn 4 CaO 5 cluster is present in the sample at the location observed in conventional SR-based XRD (20, 21) .
A similar result was obtained for the nonheme Fe near the acceptor quinone molecule, located at the cytoplasmic/stromal side at the interface between the two central subunits D1 and D2. It was possible to observe a difference peak in the mF o -DF c map at the position corresponding to Fe, when Fe was omitted from the initial phasing model (Fig. 2C) , confirming the presence of the Fe from the LCLS data. In addition, it is possible to locate the electron density for the Chl molecules bound to subunits D1, D2, CP43, and CP47. As an example, the electron density from the two central Chls of the reaction center of PS II is shown in Fig. 2D . The difference map, computed after omitting the two Chl from the phasing model, revealed positive density at the expected locations (Fig. 2D, green mesh) . However, it is not possible to observe the flexible phytyl chains of these Chls at this resolution.
The electron density obtained at the LCLS was compared with SR data by using an electron density map based on the 2.9 Å SR data truncated to a resolution of 6.5 Å to match the limited resolution achieved with LCLS data (Fig. 3 A and B) . B-factor sharpening was applied to the LCLS structure factor amplitudes to compensate for the difference in intensity falloff with resolution for comparison with SR data. There are no obvious deviations between these two maps, within the observed resolution. The slight differences observed may be due to data processing, which is different for the partial reflections recorded in LCLS data compared to SR data and to the low signal produced by the crystals at 6.5 Å, leading to low signal-to-noise levels at this resolution. The differences between LCLS and synchrotron density maps are presently not interpretable in terms of data quality or differences in the protein structure. The overall electron density maps show similar helix orientation and structures and density from all the expected subunits in PS II compared to the 2.9 Å structure. The arrangements of the TMHs between the two maps are similar and there are also no deviations visible in the potentially more flexible lumenal regions. This indicates that, at least within the limited resolution achieved, no differences in loop flexibility are encountered when comparing room temperature and cryogenic XRD data despite the fact that only a very limited number of surface residues are engaged in crystal contacts. Numbers in parentheses refer to highest resolution shell except for unit cell, where standard deviation for a, b, c are given in parentheses.
cating that the position and extent of the cluster in both cases agree at the level of detail given by the study presented here. Therefore, no indication for the dislocation of the Mn 4 CaO 5 cluster is found during the <50 fs X-ray pulses. This is consistent with the previous observations from other proteins studied by femtosecond-crystallography at LCLS (33, 36, 37, 40, 41) . However, more detailed differences at the atomic level or in the chemical nature of the complex cannot be captured at the current resolution.
The highest resolution diffraction peaks observed in the LCLS XRD from PS II microcrystals are at a lower resolution than would be expected from SR experiments with larger crystals. This is not due to the experimental geometry, the photon energy used, or the beam intensity, but likely due to the PS II microcrystals. However, it is not clear whether the quality of the microcrystals is limited at the onset, or whether the PS II crystals, which are known to be mechanically fragile, have a lower quality upon reaching the interaction region due to the delivery process.
Conclusions
We have shown that PS II microcrystals can be used to obtain XRD data at room temperature using the short <50 fs X-ray pulses at the LCLS. Diffraction spots were observed up to a resolution of 5.4 Å and a complete dataset was obtained to a resolution of 6.5 Å. The electron density map of PS II is similar to that from a SR data set truncated to 6.5 Å. Electron density from the Mn 4 CaO 5 cluster is present, showing that the Mn 4 CaO 5 cluster is not dislocated by the intense X-ray pulses that are several times more intense than those used on SR sources. This prototypical study serves as the basis for future time-resolved measurements and more detailed investigations on the intermediate states of PS II as it demonstrates that the probe before destroy approach is feasible for this system.
Materials and Methods
PS II Sample Preparation. PS II was isolated from the thermophilic cyanobacterium T. elongatus as in ref. 52 . To obtain microcrystals of PS II smaller than 10 μm along the longest dimension, the protocol described previously (52) was changed in the following way. In analogy to the precrystallization procedure, the Chl concentration was set to 0.74 mM, equivalent to 7.4 mg∕mL PS II in buffer A [100 mM Pipes (pH 7.0), 5 mM CaCl 2 ] containing 0.03% n-dodecyl-β-D-maltoside (β-DM) and the protein solution was mixed 1∶1 with 10.4% (wt∕vol) of the precipitant PEG2000 in buffer A at 4°C. Crystal formation started within 2-3 h and was completed overnight. Microcrystals were harvested in buffer B [100 mM MES (pH 6.5), 5 mM CaCl 2 , 0.015% β-DM], containing 10% (wt∕vol) PEG2000. Crystals with the desired dimensions (5-10 μm, see Fig. 1A ) were separated from larger ones by filtration with Nucleopore track etch membranes (Whatman) with a pore diameter of 8 μm. Microcrystals were transferred stepwise from the harvesting buffer to a final solution containing 10% (wt∕vol) PEG2000 and 30% (wt∕vol) glycerol in buffer B. The final crystal suspension was adjusted to a Chl concentration of 1 mM in a volume of about 100 μL.
Setup and Data Collection. Experiments were carried out at the CXI instrument at LCLS. Injection of the samples into the interaction region was achieved by focusing the crystal suspension exiting a silica capillary (100 μm inner diameter) into a <10 μm jet using an electric potential of 2.1-2.5 kV between the capillary exit and a counter electrode 7 mm away. The crystal suspension flowed at 2.5-3.1 μL∕ min using a liquid backing pressure of 15-20 psi. Buffer B with 10% PEG 2000 does not electrospray in vacuum due to freezing at the nozzle exit. Glycerol was added as a cryoprotectant to eliminate freezing and enable formation of a stable cone-jet mode. The combination of glycerol and PEG 2000 in the buffer also contributed to the low flow rate operation and reduced settling of the crystals during the experiment. The X-rays probed the liquid jet 50-100 μm from the exit of the capillary, exposing the crystal suspension to vacuum for fractions of a second.
The CXI instrument (43) at LCLS was operated at an energy of 9 keV with an average intensity of 3-5 × 10 11 photons∕pulse, a pulse frequency of 120 Hz and a pulse duration of <50 fs. The beam was focused to a size of about 1.5 μm FWHM at the interaction region using Kirkpatrick-Baez mirrors (50) . Forward diffraction was measured using the Cornell-SLAC pixel array detector of the CXI instrument (46) with a pixel size of 110 × 110 μm 2 and a total of 2.3 million pixels. The detector metrology was established using Ag behenate, microcrystals of thermolysin, and LCLS-provided optical data. Flux numbers were converted into deposited energy (dose) using the program RADDOSE (53, 54) .
Data Processing. PS II diffraction data was processed with a new software suite (cctbx.xfel) that builds upon components developed previously in the synchrotron context for picking Bragg spots (spotfinder) and autoindexing (labelit) (55, 56) , and employs established methods for the integration of Bragg spot intensities by pixel summation (57) . Individual reflections were scaled and merged without separately accounting for the partiality fraction of each observation.
The structure was solved by molecular replacement using Phaser (58), searching for two copies of the complete PS II complex [Protein Data Bank (PDB) ID 3bz1; ref. 20) including ligands, but not the central manganese cluster. Because of the low resolution of the data, a single round of tightly restrained refinement was performed in phenix.refine (59) . The R-free flags from 3bz1 were preserved for this refinement, with additional reflections flagged to expand the test set to 5% of all reflections. Electron density maps were calculated with B-factor sharpening applied (B sharp ¼ −75 Å 2 ). The mF o -DF c difference map showed a clear positive peak for the manganese cluster, which was subsequently replaced in the starting model, and the structure re-refined to a final R/R-free of 0.366/0.385 (Table 1) . Electron density maps from the PS II SR data (PDB ID 3bz1) truncated to 6.5 Å resolution were generated using the same parameters as those used for the generation of the map for the CXI data but without B-factor sharpening.
